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Since the first report of electroluminescence in conjugated polymers [1, 2] in 1990, the potential applications of polymer light-emitting diodes (PLEDs) were immediately recognized. As a result of the high external conversion efficiency (.1% photons/charge carrier) attention has been focused especially on poly(p-phenylene vinylene), PPV, and its derivatives. Today the performance of PLEDs meets many of the requirements necessary for commercial applications [3] . One of the issues that determines device performance is the transport of charge carriers. The current through PLEDs is space-charge-limited and governed by the dc hole mobility ͑m dc ͒ [4, 5] which, at low fields, is only 3 3 10 211 m 2 ͞V s at T 300 K. This low mobility reflects that in the disordered PPV, the carriers are strongly localized and that charge transport proceeds by means of hopping. At high electric field strengths ͑E͒ the dc mobility follows the empirical ln͑m dc ͒~pE law [6] , reflecting the suppression of hopping barriers in the direction of the field which exponentially enhances the hopping probability. The specific p E dependence of ln͑m dc ͒ has been observed in a wide variety of disordered organic semiconductors [7] [8] [9] , and is generally believed to arise from a heterogeneous topology of the charge-transporting sites. This heterogeneity may either arise from positive energetic correlations among adjacent transport sites [10, 11] , or result from structural disorder in the material [12] [13] [14] . However, these models all have in common that mesoscopic highmobility and low-mobility regions are present, irrespective of the underlying microscopic mechanism. Recently, we demonstrated that the dc mobility of PPV is indeed well described in terms of hopping in a heterogeneous disordered system [15] : the T and E dependence of m dc can be characterized by a Gaussian site-energy distribution of width s ഠ 0.1 eV, which translates into a transport activation energy D ഠ 0.5 eV, and average transport-site separation a ഠ 1 nm [15] . Unfortunately, as in general the dc mobility in a disordered system is limited by the weakest link in the conduction path, it cannot provide detailed insight into the transport processes involved on mesoscopic length scales.
In this Letter, we describe a new technique that allows us to study the conduction process on mesoscopic length scales in semiconducting conjugated polymers, as illustrated for PPV-based hole-only devices. The method is based on voltage-modulated millimeter-wave spectroscopy (VMS) in the frequency range v͞2p 10 200 GHz as a function of E and T. In general, the ac mobility m͑v͒ provides information on charge-transport processes occurring on time scales of order v 21 . As demonstrated earlier for metal-insulator composites [16, 17] and chemically doped polymers [18] this yields practical insight into the conduction mechanisms involved in disordered systems. Here, by applying a basic hopping formalism to the measured m͑v͒ in PPV, we are able to estimate the local hopping barriers, and to follow the evolution of the hopping times and distances in the mesoscopic high-mobility regions as a function of E.
The devices studied consist of a spin-coated layer of OC 1 C 10 -PPV [19] sandwiched between indium-tin-oxide and gold electrodes on top of a glass substrate. The polymer layer is 500 nm thick and the active area of the device is several cm 2 . The current through these hole-only devices is space-charge limited [20] . The transmission of millimeter-wave radiation (10-200 GHz) through the devices is detected using a quasioptical setup as described elsewhere [21] . The diode is biased ͑V ͒ and electrically modulated ͑dV͒ at frequency f mod by means of a function generator in conjunction with a bipolar operational 086601-1 0031-9007͞01͞ 87 ( amplifier. The function generator is phase locked to an ABmm millimeter-wave vector analyzer, which detects the voltage-induced change in amplitude transmission DT͞T at the appropriate sideband. For the present experiments usually f mod , 1 kHz, which is well below the rate at which the charge density in the device can follow [22] . To appreciate the advantages of the VMS technique, it is illustrative to contrast this experiment to another powerful technique that probes high-frequency transport, the technique of time-resolved microwave conductivity (TRMC). TRMC has been applied to study radiation-or lightinduced changes in conductivity of conjugated polymers [23] , polymer composites [24] , and polymer solutions [25] , and is especially suited to examine decay kinetics. TRMC is usually performed in narrow frequency bands and, at present, cannot be applied to devices due to the strong absorption of microwave radiation by the electrodes. Furthermore, TRMC essentially probes the dynamics of the sum of electron density times electron mobility and hole density times hole mobility, which are all time dependent and hence may be difficult to disentangle. VMS has several important advantages: (i) it can be applied to actual device structures under operating conditions, (ii) the mobility can be unambiguously derived, since the density of field-induced carriers is exactly known, and (iii) it covers a broad frequency range which turns out to be essential for the interpretation.
The DT͞T signal reflects the voltage-induced changes dn 1 in the complex refractive index n 1 n 1 1 ik 1 , or equivalently the complex dielectric constant´1 n 2 1 0 1 2 i´0 0 1 , of the polymer layer. Under normal incidence, the transmission T through the polymer layer, which is sandwiched between two metallic contacts ͑n 2 ͒, is given by
with d the thickness of the polymer, c the vacuum speed of light, and the Fresnel coefficients t 12 2n 1 ͑͞n 1 1 n 2 ͒, t 21 2n 2 ͑͞n 1 1 n 2 ͒, r 21 r 12 ͑n 1 2 n 2 ͒͑͞n 1 1 n 2 ͒. Neglecting spatial distribution in dn 1 and taking into account that jn 2 j ¿ jn 1 j and that jn 1 jvd͞c ø 1, we obtain
Undoped conjugated polymers behave essentially as dielectrics, i.e.,´0 1 ¿´0 0 1 , and due to the poor mobilities this holds even for high levels of carrier injection. Then n 1 ഠ p´0
Furthermore, for m , 1 m 2 ͞V s it is legitimate to neglect the influence of d´0 1 in the present v range [26, 27] . In this case Eq. (2) simplifies to DT͞T ds 0 1 d͑͞2c´0 p´0 1 ͒. Changes in s 0 relate to those in carrier density ͑dr͒ and mobility ͑dm͒ via ds drqm 1 r 0 qdm .
For a space-charge limited device [20, 28] the background carrier concentration r 0 V ͑3´0´0͒͑͞2eL 2 ͒, and dr dV͑3´0´0͒͑͞2eL 2 ͒. From Eq. (3) m is solved:
We will now discuss the VMS data of OC 1 C 10 -PPV. Figure 1 shows the magnitude and accuracy of the relative change in transmission as a function of field for two frequencies. Figure 2a presents the frequency-dependent mobility in the range 10 -200 GHz as a function of E V ͞L. The mobility increases strongly with both E and v and seems to saturate at the highest frequencies. Solid lines are fits to a model discussed below. Temperature dependent measurements have been performed at v͞2p 95 GHz. In Fig. 2b the diffusion constant, which is defined as m 3 ͑k B T͞e͒, is plotted versus 1͞T for two different bias electrical fields. The T dependence becomes less pronounced for increasing E.
The hole mobility at these high frequencies lies 6 orders of magnitude above m dc ͑ϳ10 210 m 2 ͞V s͒ , which is a direct manifestation of the percolative nature of transport in strongly disordered media. Figure 3a sketches a potentialenergy landscape that captures the basic ingredients relevant for the transport properties of our system: the local minima represent transport sites. As a result of the heterogeneity, potential-energy valleys and barriers are present on larger, mesoscopic, length scales. Note that this model implies a spatially varying mobility; the valleys correspond to the high-mobility regions discussed above. First let us consider the case of weak bias. A carrier that is injected into the potential-energy landscape will be caught in one of the potential wells. Since hops over small barriers are exponentially faster than those over large barriers, effectively the carrier "bounces back and forth" in the valley as indicated by the solid arrows. Occasionally, the carrier is able to jump over the high barrier to the next potential well as shown by the dotted arrow. These "hard hops" (or sequence of hard hops) limit the dc mobility and determine its activation energy D. From impedance experiments [22] and a simple calculation [29] we estimate the rate of these hard hops to be in the MHz regime. Hence, in the 10-200 GHz range studied here, only the fast relaxation of carriers confined to these mesoscopic high-mobility regions is probed and m͑v͒ can be calculated as follows. Let us assign a mobility m h ¿ m dc to a microscopic valley of size R, and assume that hops beyond R are too slow to contribute to the high-v response. This leads to the simplified picture of a carrier performing a random walk within a confining potential well (and with equal hopping probabilities between neighboring sites); see Fig. 3c . Then, an (ac) electrical field E induces a polarization E͑eR͒ 2 ͑͞k B T ͒. For a constant m h within the valley, this polarization decays single exponentially with a characteristic time t eR 2 ͑͞m h k B T ͒, and the v-dependent response is of the Debye form
For v . t 21 , m͑v͒ eR 2 ͑͞k B Tt͒ m h , i.e., only the mobility within the well is probed. The finite size of the well leads to the low-v roll-off m͑v͒ ϳ v 2 which would become weaker if also the slower hops beyond R were taken into account. Obviously the strong v dependence predicted by Eq. (5) and hopping models in general, implies that m data at a single frequency may be difficult to interpret. Note that this model presupposes the carriers to be in local equilibrium. However, already for R . 0.3 nm (the typical hopping distances are at least 1 nm [15] ) eER . k B T. Nonetheless, if on time scales v 21 the carriers are unable to escape from the deep valleys (confinement condition), they will be in quasiequilibrium and Eq. (5) can be applied. Since even at strong bias, the data show m͑v͒ ¿ m dc , demonstrating that locally fast "back and forth" hops occur, this condition apparently holds. In principle, to obtain the appropriate high frequency mobility, Eq. (5) should be averaged over the distributions in t and R [30, 31] . However, within our experimental accuracy, Eq. (5) already provides a satisfactory description of the data; see the solid lines in Fig. 2a . The derived transport parameters are presented in Fig. 4 . As demonstrated in Fig. 4 , R increases as a function of E. To explain why this occurs, we turn again to Fig. 3 . Under the application of a strong bias potential the energy landscape becomes tilted. This lowers the potentialenergy barriers, which enables the carrier to partly "climb" the confining walls of the valley: even though the carrier is still unable to escape the mesoscopic high-mobility region, the size of this region effectively becomes larger. The E 
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086601-3 dependence of the estimated intravalley relaxation time t is shown in Fig. 4b . It reveals a decrease for increasing fields but seems to level off at the highest fields. Using R͑E͒ and t͑E͒ we find that the effective local mobility m h eR 2 ͑͞k B Tt͒ strongly increases with E; see Fig. 4c . The T dependence of m h , Fig. 2b , implies that the transport is activated; the solid lines represent fits to an Arrhenius law with the activation energies D 0 0.15 eV and D 0 0.12 eV for E 70 V͞mm and E 100 V͞mm, respectively. The decrease of D 0 with increasing E reflects the barrier lowering. Extrapolation towards E 0 suggests a barrier height of 0.2 eV. What do these results imply for the transport in PPV? The activation of m h shows that even within the mesoscopic high-mobility regions hopping barriers of 0.2 eV are present. This is significantly lower than the 0.5 eV barriers limiting the dc transport, and accounts for a factor 10 5 increase in mobility at room temperature. According to Fig. 4 , the strong E dependence of m͑v͒ results from both the larger distance over which fast hops occur, and from the higher relaxation rates: at 100 V͞mm the carriers are able to traverse distances as long as 10 nm within a few ps. Since t even weakly decreases while R increases at high E, the mobility within the high-m regions is strongly enhanced by the electric field. Barrier lowering should exponentially enhance the hopping process, m h~e xp͓eER 0 ͑͞k B T͔͒, and from the data shown in Fig. 4c we estimate R 0 1.7 6 0.3 nm which corresponds to about 3 monomers. Here R 0 could be loosely interpreted as the width of the 0.2 eV barriers. While we cannot be conclusive on the microscopic origin of the high-mobility regions in PPV, the presented results do corroborate the notion of disorder on mesoscopic length scales of at least 10 nm.
In the above analysis we considered only the contribution of the fastest hops to the conduction process, which we believe captures the basic features of the high-frequency mobility. At lower frequencies, relaxation via slower hops will gain weight, and this simplified model will underestimate the mobility. A deeper insight into the charge transport in semiconducting conjugated polymers could be provided by models that link the material's heterogeneous topology to the proper distributions in t and R.
In summary, voltage-modulated millimeter-wave spectroscopy is a promising new technique to study charge transport in semiconducting conjugated polymers. Experiments have been performed from 10 to 200 GHz and are presently extended to the THz regime. For the investigated PPV, we are able to probe transport within nanometersized high-mobility regions where the mobility is 10 6 times higher than the dc mobility. Diffusion times across these regions, in which barriers of about 0.2 eV need to be surmounted, are on the ps time scale. Barrier lowering due to an applied electrical field both enhances the hopping rates and increases the distance over which fast carrier relaxation occurs.
Discussions with G. W. 't Hooft, M. Bonn, J. van Bentum, and P. Goy are gratefully acknowledged. This work is part of the research programme of FOM-NWO.
